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Axial Magnetic Bearing Development for the
BiVACOR Rotary BiVAD/TAH
Nicholas A. Greatrex∗, Daniel L. Timms, Nobuyuki Kurita, Edward W. Palmer, and Toru Masuzawa
Abstract—A suspension system for the BiVACOR biventricular
assist device (BiVAD) has been developed and tested. The device
features two semi-open centrifugal impellers mounted on a com-
mon rotating hub. Flow balancing is achieved through the move-
ment of the rotor in the axial direction. The rotor is suspended in
the pump casings by an active magnetic suspension system in the
axial direction and a passive hydrodynamic bearing in the radial
direction. This paper investigates the axial movement capacity of
the magnetic bearing system and the power consumption at various
operating points. The force capacity of the passive hydrodynamic
bearing is investigated using a viscous glycerol solution. Axial ro-
tor movement in the range of ±0.15 mm is confirmed and power
consumption is under 15.5 W. The journal bearing is shown to
stabilize the rotor in the radial direction at the required operating
speed. Magnetic levitation is a viable suspension technique for the
impeller of an artificial heart to improve device lifetime and reduce
blood damage.
Index Terms—Artificial biological organs, blood pumps, electro-
magnetic forces, magnetic levitation.
I. INTRODUCTION
DUE TO the high rate of heart disease and a shortage ofdonor hearts, there has been interest in mechanical re-
placements for the heart for over 50 years. Unfortunately, these
devices have had very limited success compared with traditional
heart transplants, and their wide scale usage has been severely
limited by their maintenance and performance drawbacks [1].
Mechanical circulatory devices have undergone a number of
development stages. The first generation of ventricular assist
devices (VADs) included pulsatile devices with pusher plates or
flexing diaphragms and valve configurations [2]. These contact-
ing components limited the device’s life expectancy to less than
3 years [3]. The second generation of VADs used continuous
flow rotary pumps with mechanical bearings and seals in contact
with the blood [4], [5]. The smaller size of the second generation
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devices accelerated them to the forefront of VAD development;
however, problems with the contact bearing systems still remain.
Finally, the third and latest generation of VADs employ mag-
netic and hydrodynamic bearing systems to completely suspend
the continuous flow rotor in the pump cavity [6]. By removing
the need for contact bearing system, life expectancy of these
devices can exceed 10 years.
Mechanical circulatory devices are designated as either to-
tal artificial hearts (TAH) or VADs [7]. In the case of TAHs,
the patient’s natural heart is removed and replaced with two
mechanical pumps that provide perfusion to the systemic and
pulmonary circulations. VADs are designed to supplement the
output of the patient’s natural left ventricle, but can also be used
to aid the right ventricle or both ventricles simultaneously. In
these three cases, the VAD is designated as an LVAD, RVAD,
or BiVAD, respectively. The pumps that are used in VADs and
TAHs are typically divided into two categories, pulsatile pumps
and continuous flow pumps [8], [9]. As the names suggest,
pulsatile pumps replicate the pulsing nature of the body’s car-
diovascular system, whereas continuous flow pumps produce a
constant output flow from the device. The biggest advantages
of the continuous flow devices are the increased mechanical
reliability and thus reduced maintenance, as well as the device
size [10].
Magnetic levitation and hydrodynamic bearings have recently
been the focus of research for use in centrifugal VAD/TAH
blood pumps, due to the significant advantage of reduced wear
compared to traditional contact bearing systems [11].
BiVAD and TAH support is still dominated by pulsatile de-
vices, whereas L-VAD development has moved toward third
generation continuous flow devices. Currently, there are no con-
tinuous flow single unit BiVADs on the market or involved in
trials. The third-generation BiVACOR BiVAD aims to treat end
stage biventricular heart failure with a single rotary device.
The device, shown in Fig. 1, includes a set of left and right
vanes positioned on rotating hub to form a double-sided cen-
trifugal impeller. Active impeller suspension is achieved with
an axial magnetic bearing and rotation via an electromagneti-
cally coupled motor. Since the LVAD and RVAD impeller vanes
are inherently coupled to the common rotation hub, changes in
speed will alter the outflow of the left and right VADs. How-
ever, to account for required changes in instantaneous left/right
outflow, the magnetic bearing system can displace the impeller
axially within the pump cavity. This action simultaneously al-
ters the efficiency of each semi-open impeller vane set in an
inverse relationship. For example, a movement toward the left
cavity will increase LVAD outflow while reducing RVAD out-
flow, and vice versa. The pump is designed to run at 2200 r/min
0018-9294/$26.00 © 2009 IEEE
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Fig. 1. Schematic of the BiVACOR device.
under normal physiological conditions; however, changes in the
patients hemodynamics may require the pump to operate at
speeds between 1700 and 2500 r/min. Preliminary investiga-
tions have shown that impeller movements of ±0.2 mm in the
BiVACOR can adequately alter the left and right pump flow for
a wide range of hemodynamic conditions. The current prototype
device is Ø 75 mm in diameter and 90 mm in length.
The objective of this paper was to investigate the stability
of the rotor and determine the range of possible impeller axial
movement, while maintaining suitable power consumption.
II. MATERIALS AND METHODS
A. Identification of Hydraulic Forces
Determining the operating parameters and requirements for
the magnetic bearing (MB) is a key step in the design process.
In the case of the BiVACOR device, there are many hydraulic
forces that act on the rotor when running in different conditions.
An unbalanced axial force will develop in the BiVAD device
as a result of the different pressure requirements of the left and
right circulatory systems, as well as externally applied forces
imposed on the impeller and pump encountered in vivo. The
magnetic bearing system must be able to overcome these forces
and stabilize the rotor in addition to proving the required torque.
To this end, a motor-shaft driven prototype device complete
with force transducer (50M31, Jr3 Inc. Woodland, CA, USA)
was inserted into a mock circulation loop [12] to measure the
expected axial hydraulic force encountered by the impeller in
pulsatile and nonpulsatile circulatory environments. The tech-
nique [13] can be used to determine the expected axial loads
when operating the device in a BiVAD/TAH mode.
Furthermore, the torque requirements of the device should
be calculated prior to design. Considering the VAD requires
an output power of approx 1.33 W to provide normal hemody-
namics to the systemic and pulmonary system, and assuming
a device stage efficiency of ∼30%, the motor must generate
4.43 W. With a nominal rotational speed for this condition of
2500 r/min, the torque requirement of the motor is 0.017 N·m.
Fig. 2. Schematic of the magnetic motor-bearing system.
However, higher torque values up to 0.04 N·m may be needed
for elevated hemodynamic requirements.
B. Magnetic Bearing Design
Suspension of the rotor in the BiVACOR device is achieved
by using an active magnetic suspension system in the axial di-
rection and a passive hydraulic bearing in the radial direction.
For use in a centrifugal pump, an axial bearing improves perfor-
mance due to the ability to incorporate more magnetic material
in the unused axial surface area of the impeller [14]. Karassik
and McGuire state that bearing power is usually only needed
for magnetic excitation of disturbance forces [15]. Incorporat-
ing permanent magnets into the magnetic bearing system, while
using active electromagnets for fine control, can reduce power
consumption. Fig. 2 shows the layout of the active axial mag-
netic suspension system. The prototype consists of the magnetic
bearing, rotor, and motor.
A six-pole axial flux synchronous motor targets four perma-
nent magnets placed on one side of the rotor. This motor pro-
vides torque to the rotor as well as a net axial attractive force. To
counteract the axial force toward the motor, an active magnetic
bearing is placed on the opposite side of the rotor. The magnetic
bearing consists of three U shaped stators spaced evenly around
the rotor. Custom Nb–Fe–B permanent magnets are embedded
in the stator flux path to reduce the steady-state power required.
The control coils are made of 276 turns of Ø 0.4 mm copper wire
is wound around one leg of the stator. The flux generated by the
control coil can be used to increase or decrease the flux pro-
duced by the permanent magnets. The magnetic bearing stators
target an iron core embedded in the rotor.
The magnetic bearing system is designed to run at a steady-
state condition where the electromagnetic coils are not excited
and the force toward the bearings is generated only by the per-
manent magnets. The electromagnetic coils are used to stabilize
the rotor in response to disturbances or to move the rotor to an-
other position. Control of the active magnetic bearing is realized
through PID controllers with position feedback. Additionally,
potential difference (PD) control is also used for adjusting the
amplitude of the motor’s three phase sinusoidal drive signals.
Position detection of the rotor is achieved by three eddy cur-
rent sensors (U5B, Lion Precision, MN, USA) coupled to the
magnetic bearing iron core target. Second-order low pass filters
on the position sensor signal remove unwanted high frequency
noise from the pulsewidth modulation (PWM) amplifiers. The
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TABLE I
NOMENCLATURE
controller was designed and implemented using the dSPACE
(DS1104, dSPACE, MI, USA) data acquisition system in con-
junction with SIMULINK. Control output signals from dSPACE
are fed through a linear current amplifier and then to the respec-
tive control and motor coils.
C. Magnetic Theory
Equations describing the theoretical magnetic force and
torque generated by the magnetic components are derived using
the virtual work method. It is assumed that the magnetic mate-
rial is homogeneous and has a reluctance much smaller than that
of the air gap. Axial attractive force and motor torque produced
by the motor are given by (1) and (2). The axial force generated
by the magnetic bearings is given by (3)
fzmotor =
(
r22 − r21
)
π
4µ0
[
B2R + 2BRBS cos(ϕ) + B
2
S
] (1)
τzmotor =
zM
(
r22 − r21
)
π
2µ0
BRBS sin(Mϕ) (2)
fzMB = − [NiMB + Ieq ]
2
µ0A(αz + β)2
. (3)
The parameters used in these equations are given in Table I.
After identifying the operating requirements of the levitation
system such as axial force and torque, an initial design point
for the magnetic components can be determined from the theo-
retical equations. Values determined using this method for the
winding number and component geometry are inflated to ac-
count for leakage flux, core saturation, variation in permanent
magnet values and other characteristics which are not included
or are estimated in the theoretical equations. Both the permanent
magnet flux from the rotor and the flux generated by the motor
Fig. 3. Operation principle of the tilt control by the magnetic bearing.
coils are assumed to be sinusoidal and are described by
BS (θ, t) = Bs MAX(iMotor) cos(ωt−Mθ) (4)
BR (θ, t) = BR MAX cos(ωt−Mθ − ϕ). (5)
It is clear from (1) and (3) that by varying iMB and iMotor
the axial forces on the rotor can be balanced against potential
disturbance forces. Unbalanced forces over the face of the rotor
can cause the rotor to tilt on the x and y axis. Fig. 3 demonstrates
the principal behind tilt stabilization using the magnetic bearing
system. The control flux generated by the electromagnetic coils
is superimposed with the bias flux from the permanent magnets
to create a flux density in the air gap. By changing the control
currents to each magnetic bearing stator, different flux densities
and forces can be generated by each stator. Tilt can then be
correct for by reducing the force in the stator where the rotor is
closest and increasing it where it is furthest away.
D. FEM Analysis
Using the initial design parameters determined using the
theoretical equations, 3-D models of the system components
can be simulated in ANSYS to validate their performance
characteristics. The 3-D finite element method (FEM) will
be used to determine the magnetic field distribution in the
system including, leakage flux and core saturation which was
neglected from the analytical model due to the difficulties in
determining these elements analytically. FEM analysis on the
initial design returned that the force generated at the steady state
operating point would be 15 N. The calculated flux distribution
for this condition is shown in Fig. 4. At this ideal operating
point, the electromagnets are not excited and the generated
flux is only from the permanent magnets. FEM analysis was
performed on the system at all expected operating points, such
as maximum positive and negative coil current over the full
range of rotor displacements. The analysis indicated that the
magnetic materials does not saturate when operating at any of
the device’s operating points. A summary of the final design
parameters for the magnetic components are shown in Table II.
E. Magnetic Force Characteristics
Due to the complicated nature of magnetic forces, experi-
ments to determine the practical force characteristics were con-
ducted on a specialized rig. These experiments were used to
validate both the numerical and theoretical force results. A shaft
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Fig. 4. Result of 3-D FEM analysis on the magnetic bearings.
TABLE II
PARAMETERS OF PROTOTYPE
with radial bearings was attached to the rotor to restrict it in the
radial direction. A micrometer connected in the axial direction
was used to fix the rotor to a defined axial clearance. A force
transducer measured the axial force acting on the rotor from the
bearing and motor at various operating conditions. The rotor
was moved throughout its expected range of ±0.2 mm and the
magnetic excitation currents were varied from −3 to +3 A for
the bearing and from 0 to 3A for the motor.
F. Levitation Performance and Stability
The primary objective of the study was to determine if stable
levitation of the rotor can be achieved in both the radial and
axial direction. Additionally, the research also ascertained the
movement and operating limits of the rotor in the axial direction
using the magnetic bearing.
Initially, the rotor was levitated without rotation. Once stable
levitation is achieved, the rotor was accelerated up to a speed
of 2500 r/min. At the identified operating point of 2500 r/min,
the rotor was moved axially using the active magnetic bearing.
Finally, the dynamic response of the system was determined
from step inputs to the control system.
Radial stability of the rotor is achieved passively with a short
plain hydrodynamic journal bearing shown in Fig. 1. The jour-
nal bearing requires a fluid medium to be effective. As such, to
determine the stabilizing effect of the journal bearing, the exper-
Fig. 5. (a) Measured magnetic bearing axial force. (b) Measured motor axial
attractive force.
iments were run twice, once in air and once in a 38%/62% wt.
Glycerol/water mixture, which has a viscosity similar to blood.
III. EXPERIMENTAL RESULTS
A. Mock Loop
Operating the shaft mounted BiVAD impeller while con-
nected to the circulation loop replicating pulsatile biventricu-
lar heart failure produced a maximum impulse force of 12 N.
Removing heart pulsatility from the loop, and thus simulating
total biventricular heart failure, a maximum force of 3 N was
produced. This force reduced as impeller position was altered
from the central position.
B. Force Measurement
Magnetic force measurements with varying axial air gaps and
excitation current were recorded for the levitation system, with
results for bearing and motor attraction displayed in Fig. 5(a)
and (b). The figures show superimposed curves for three
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different rotor displacements. The absolute air gaps of the bear-
ing and motor to the respective faces of the rotor are given in
parentheses in the legend. When the rotor is operating at the
center of the pump casing the absolute distance from the fer-
romagnetic material to the bearing and motor face is 0.9 and
2.6 mm, respectively. The force generated at these points is in-
dicated by the dashed line. As expected the force increases as
the separation distance between the components decreases as
indicated by the solid and long-dashed lines.
The three bearing stators produced a combined force of 10 N
at zero current and a magnetic air gap of 0.9 mm. A current
stiffness of 3.6 N/A was produced for positive flowing current,
however this reduced significantly with negative current, due to
the inability for the active magnetic flux to efficiently cancel the
permanent magnetic flux. A minimum force turning point was
observed at −1.5 A. This value will be set in the control system
as the minimum current to ensure that the forces do not increase
by moving past the turning point.
With an additional rotor weight of 1 N, the motor stator
produced a balancing attractive force of 9 N at 2.5 mm air gap,
with 1 A current. A constant 1 A bias current was considered
essential to produce sufficient torque for rotation when required.
The current stiffness for positive current at this position was
5 N/A.
From the results, it was observed that the force generated is
a nonlinear function of both rotor displacement and excitation
current. This observation is in agreement with both derived
theoretical formulas and the FEM analysis.
C. Levitation
Initially, the rotor was levitated successfully without rotation.
The parameters for the bearing PID controller and the motor
PD controller were determined manually through trial and error.
Once levitation was achieved, the control parameters were man-
ually tuned to achieve appropriate rise times, overshoot, settling
time, and steady-state error. The parameters for the system were
Kp = 14 A/mm, Ki = 20 A/mm/s, and Kd = 0.06 A·s/mm.
The rotation and dynamic controller tests were then performed
in Air and the Glycerol mix.
D. Dynamic Characteristics
Fig. 6(a) and (b) shows the rotor response to a 0.28 mm step
input at 2200 r/min in air and glycerol, respectively. The rotor
was initially offset by −0.14 mm from the center position to
allow a large step movement of the rotor in the test. Fig. 6(a)
shows the rotor movement in response to the 0.28 mm step
input. The response exhibits overshoot and a 2 s settling time.
In Fig. 6(b), it is clear that the glycerol mixture has had a big
effect on the system dynamics. Increased damping due to the
viscous fluid resulted in longer rise and settling times to the
same step input. The rise time and settling time for the glycerol
experiment was 0.8 and 5 s, respectively.
E. Levitated Rotation Characteristics
The rotor was accelerated up to 2500 r/min in both air and
glycerol mixture. Fig. 7 shows the amplitude of the axial vibra-
Fig. 6. (a) Step response of 0.28 mm in air at 2200 r/min. (b) Step response
of 0.28 mm in glycerol at 2200 r/min.
Fig. 7. Amplitude of axial vibration at different rotational speeds.
tion of the rotor at each rotational speed for air and glycerol.
The vibrations were reduced significantly at all speeds when
glycerol was used.
Radial sensors were used to measure the displacement of
the rotor along the x and y axis. Fig. 8 shows the movement
of the rotor in the radial directions at 2200 r/min. The dashed
line represents the physical extremities of the radial movement.
When only air is present in the pump, the radial movement is
quite significant and it can be seen that the rotor touches down a
number of times. However, when running in glycerol, no radial
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Fig. 8. Comparison of radial rotor movement in air and glycerol at 2200 r/min.
Fig. 9. Motor-bearing power consumption for movement of the rotor in the
axial direction at 0 r/min in air.
touchdown was observed and the radial movement was confined
to a small region. Similar observations were made for the range
of speeds from 1700 to 2500 r/min.
F. Power Consumption
Axial movement of the rotor was achieved for displacements
of ±0.15 mm. Initially the rotor was levitated in air without ro-
tation. Fig. 9 shows the power consumption of the device under
these conditions. The parabolic power consumption function
is a product of the two proportional feedback controllers for
the bearing and motor. The minimum total power point was at
−0.05 mm.
Fig. 10 shows the power consumed by the bearing and motor
components as well as the total power used for various rotor
displacements at 2200 r/min in glycerol. The control parameters
and motor amplitude were modified for the glycerol case to
increase stability. For movement of ±0.15 mm the power total
power consumption was less than 15 W at 2200 r/min.
Changes in power consumption as the rotor accelerates are
shown in Fig. 11. The rotor was stabilized in the center posi-
tion and the rotational speed was increased to 2500 r/min. The
motor power consumption stayed constant throughout the ex-
periment because the position of the rotor was stable at 0 mm.
In the central position at 2200 r/min, the power consumption
was approximately 11.5 W.
Fig. 10. Motor-bearing power consumption for movement of the rotor in the
axial direction at 2200 r/min in glycerol.
Fig. 11. Motor-bearing power consumption at 0 mm for increasing rotational
speeds in glycerol.
IV. DISCUSSION
Magnetic levitation is a viable suspension technique for the
impeller of an artificial heart to improve device lifetime and
reduce blood damage. In the implantable blood pump applica-
tion, the magnetic bearing must counter disturbing forces due to
the hydraulic pressure developed within the pumping chamber.
Precise determination of these loads must be specified in order
to complete the bearing design [16].
The theoretical magnetic flux required for sufficient force
generation in the motor and bearing stators was calculated us-
ing these hydraulic forces as design criteria. However, although
these equations allow the initial geometric design of the mag-
netic components, it is well known that these equations overesti-
mate the actual force production capacity of a magnetic system
due to the lack of simulated flux path leakage and nonlinear
permeability of the iron core. Therefore, finite element methods
are frequently used to predict the force generation performance
of such systems.
Following simulation, the model must be validated with prac-
tical measurements. In this case, the prototype magnetic bearing
produced a 10 N force at a 0.9 mm air gap. This value was lower
than the simulated value of 15 N due to inaccuracies with the
permanent magnet and material properties of the model. Further
refinement of the simulation will be conducted in the future to
yield more accurate results. Motor force measurements were
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conducted with the motor air gap of 2.5 mm when 1 A of cur-
rent was supplied to the motor coils and the rotor weight was
directed toward the motor stator. This static value of offset mo-
tor current was included to provide sufficient rotational torque
to enable levitated rotation to the desired speed of 2500 r/min.
A prototype device was constructed which featured a
±0.2 mm clearance gap between the rotor and pump cavity
housing. Using the measured force characteristics, appropriate
spacing of 0.9 and 2.5 mm between the rotor and the bearing
and motor components, respectively, were used to ensure the
magnetic zero point was positioned close to the geometric cen-
ter point. The magnetic levitation system will be designed to
operate around this point to minimize the power used to levitate
the rotor under normal operating conditions. However, due to
discrepancies in the operating force characteristics, the mag-
netic zero point in the developed prototype was located 0.1 mm
away from the geometric center point at 2500 r/min.
In the final pump design, impeller blades will be affixed above
the permanent magnets. This effectively increases the separation
between the motor and the rotor. The large air gaps used in this
prototype include the allowances for the future impeller blades.
Additionally, the larger gaps between the magnetic actuators and
the rotor ensure that the magnetic characteristics of the system
do not change rapidly with small rotor displacements.
Additional force measurements revealed that both the motor
and bearing could produce sufficient balancing force when the
impeller was moved off the centralized position. For example,
a movement of 0.1 mm toward the motor reduced the air gap to
2.5 mm, and thus increased its attractive force to 10.3 N. This
required the supply of +0.75 A to the bearing, now operating
with an air gap of 1.0 mm, to produce a 11.3 N balancing force.
Likewise, a movement of 0.1 mm toward the bearing required
−0.5 A current supply to each bearing coil to partially cancel
the phase modulation (PM) flux and balance the force.
The force results exhibited nonlinear force characteristics de-
pendent on both current and displacement. When the rotor is
operating close to the magnetic bearings, the force generated
by the permanent magnets must be reduced by reversing the
coil current to cancel the bias flux. However, it can be seen
that even at the point of minimum force, a small force is still
generated. This is due to the coil flux not completely canceling
the permanent magnet flux due to significant leakage flux. This
phenomenon was confirmed with both finite element software
and empirical results. Further design iterations will seek to re-
duce this problem and allow for greater cancellation of the bias
flux.
Experiments in both air and glycerol were conducted to de-
termine the effectiveness of the hydrodynamic journal bearing
to stabilize the rotor in the radial direction. The experiments
demonstrated that when running in glycerol and at the required
operating speed range of 1700–2500 r/min, the rotor was stabi-
lized with a small eccentricity ratio near the center of the case.
Stable movement of the rotor using the axial magnetic levitation
system was restricted to±0.15 mm due to vibration and insuffi-
cient force generation when operating more than 0.15 mm away
from the center. This is less than the ±0.2 mm movement that
was proposed in the design criteria. Modification of both the
magnetic components and control system in future prototypes
will improve the movement range.
The presence of the viscous fluid glycerol had a drastic effect
on the performance of the magnetic bearing system. In partic-
ular, the dampening characteristics of the system were signifi-
cantly increased. The high level of damping was principally due
to the small clearances in the pump case. Axial movements of
the rotor required the shifting of the fluid from one side of the
rotor to the other via the thin journal bearing gap. It is expected
that the amount of dampening present in the pump will decrease
in the final design due to the easy movement of the fluid through
the inlet and outlet ports of the pump.
The performance of the levitation system was sufficient to
maintain stable levitation and rotation at speeds required for
BiVAD support. As was expected, power consumption for the
bearings increased as the rotor moved toward the motor and was
decreased when close to the bearings. The motor sinusoidal am-
plitude was dependent on a proportional feedback controller and
as such increased and decreased as the rotor position changed.
These two inverse power characteristics combine to form a total
power function that has a minimum and two monotonically in-
creasing asymptotes. A worst case no load power consumption
was recorded at approximately 15 W, which was more than the
target 10 W. A target of 10 W is desirable to limit excessive heat-
ing of surrounding tissue and blood, as well as enhance battery
lifetime between charges.
In addition to the changes in power consumption for axial
movement, rotational speed changes also brought about a sig-
nificant increase in power consumption. This increase can be
attributed to the changes in the magnetic force characteristic of
the motor as the speed increases, as well as power required for
the suppression of vibrations.
Reduction of the power consumption at the operating speed
will be achieved by utilizing optimized nonlinear control sys-
tems as well as optimizing the magnetic bearing and motor ge-
ometry to perform most efficiently at required operating speed
range.
V. CONCLUSION
An axial magnetic motor-bearing rig was designed and con-
structed, and suspension characteristics of the system evaluated
for use in an implantable BiVAD. Total magnetic bearing and
motor power was below 15 W for an axial displacement of
±0.15 mm and rotational speed of 2200 r/min. According to
the step response, rotor vibration stabilized after a step input of
0.28 mm, which demonstrates stable control performance. Ra-
dial stability of the rotor by the hydrodynamic journal bearing
was confirmed in glycerol. Additionally axial vibrations were
shown to be reduced significantly in the presence of the glycerol
solution.
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